Unlike conventional spin-singlet Cooper pairs, spin-triplet pairs can carry spin 1, 2 . Triplet supercurrents were discovered in Josephson junctions with metallic ferromagnet spacers, where spin transport can occur only within the ferromagnet and in conjunction with a charge current. Ferromagnetic resonance injects a pure spin current from a precessing ferromagnet into adjacent non-magnetic materials 3,4 . For spin-singlet pairing, the ferromagnetic resonance spin pumping efficiency decreases below the critical temperature (T c ) of a coupled superconductor 5, 6 . Here we present ferromagnetic resonance experiments in which spin sink layers with strong spin-orbit coupling are added to the superconductor. Our results show that the induced spin currents, rather than being suppressed, are substantially larger in the superconducting state compared with the normal state; although further work is required to establish the details of the spin transport process, we show that this cannot be mediated by quasiparticles and is most likely a triplet pure spin supercurrent.
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Direct spin transport studies in superconductors (SCs) [7] [8] [9] [10] have traditionally involved quasiparticle injection at bias voltages around the superconducting gap energy. A number of exotic properties have been observed: enhanced spin relaxation time [11] [12] [13] , spin and charge decoupling 9, 10 and a giant spin-orbit interaction 14 . Equilibrium (zerobias) studies 1, 2 of the Josephson effect in SC/ferromagnet (FM)/SC junctions and T c modulation in FM/SC/FM and SC/FM/FM' superconducting spin valves have demonstrated that engineered magnetically inhomogeneous (spin mixing) SC/FM interfaces can generate triplet pairing states. However, direct measurement of triplet spin transport through singlet SCs has not been achieved so far.
A time-dependent ferromagnetic magnetization generates a spin angular momentum flow into adjacent materials (spin pumping) 3, 4 , and the transport and relaxation of spin currents from the FM in turn affects its magnetization dynamics via an enhancement in the (effective) Gilbert damping α (Fig. 1a) . Using this ferromagnetic resonance (FMR) method, it was previously demonstrated 5 that Andreev reflection, in which the incident electron across the FM/SC interface is coherently coupled with the retro-reflection of a hole to generate a (spin-zero) spin-singlet Cooper pair in the SC, essentially excludes the transport of dynamically driven spin currents through the superconducting energy gap 2Δ (Fig. 1b) and so the spin-current-induced broadening of the FMR linewidth is suppressed by the development of the superconducting state 6 .
Here, we compare FMR results on Nb/Ni 80 Fe 20 /Nb trilayers with Pt/Nb/Ni 80 Fe 20 /Nb/Pt structures in which the Pt provides an effective spin sink with strong spin-orbit coupling (SOC). To explore the influence of superconductivity on spin transport, we measured the temperature (T) evolution of the FMR spectra (for example, the linewidth µ 0 Δ H (proportional to α) and the resonance field µ 0 H res ; see Supplementary Section 1 for full details) across T c . Where Pt (or other large SOC spin sinks) are present, a substantially increased FMR damping for SC layer thicknesses of the order of the coherence length ξ SC is interpreted as evidence for the generation of superconducting spin currents. For all t Nb , µ 0 Δ H is almost T-independent between 10 and 100 K. All of the samples show a slight upturn in µ 0 ∆ H with decreasing T around 10 K. Since this also occurs for the non-superconducting sample (t Nb = 7.5 nm), this must reflect intrinsic normal-state properties of the coupled system and be unrelated to peaks in µ 0 ∆ H predicted below T c associated with the onset of superconductivity 6, 14 . As T is reduced further, a significant t Nb -dependent reduction of µ 0 Δ H occurs that is explained by the inhibition of singlet spin transport in the SC 5, 6, 14 . To quantitatively characterize the overall behaviour, we plotted µ 0 Δ H(t Nb ) for various T between 2 and 80 K (Fig. 2b) . For all T, µ 0 Δ H(t Nb ) is approximately exponential, as expected for diffusive spin transport 3, 4 . However, when T < 8 K (entering the superconducting state), µ 0 Δ H saturates faster to a smaller asymptotic value, implying that, below T c , the transfer efficiency of spin across the Ni 80 Fe 20 /Nb interfaces and the characteristic length of spin transport in the Nb are both reduced 3, 4 . This can be quantified, as discussed in Supplementary Section 3.
The key aim of this work is to explore how this superconducting spin-blocking behaviour is modified when an effective spin sink is placed beyond the SC layers. 
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The change in µ 0 Δ H between the normal and superconducting states is shown in the upper inset of Fig. 2d , which contains data for other t Nb and shows a systematic enhancement up to t Nb = 30 nm followed by a fall for larger thicknesses.
Before discussing the likely explanation for this enhancement of spin transport in the superconducting state, we first consider the normal state using the spin pumping model 3, 4 for composite spin sinks:
where g L is the Landé g-factor, μ B is the Bohr magneton and ℏ is Plank's constant divided by 2π . .
is the spin resistance of the Nb layer, where ρ SC is the resistivity of the Nb (see Supplementary Section 3), l sd SC is the spin diffusion length of the Nb and e is the electron charge. t FM is the Ni 80 Fe 20 thickness and M s is its saturation magnetization. For T ≥ 8 K, the universal trend of decreasing µ 0 Δ H with increasing t Nb is well fitted by this model (Fig. 2d, solid lines) . This is a result of the progressively increased screening of the Pt spin sink from the Ni 80 Fe 20 spin source as the Nb layer thickness increases, the Nb having a modest spin conductance (3.5-5.0 nm ) and l sd SC (35-45 nm) are also in good agreement with those obtained from the samples without Pt layers (g = 0, see Fig. 2b and Supplementary Fig. 3 ) and, for l sd SC , with ref. 16 . It can be seen that the FMR linewidth tends to the same value at large t Nb for samples with and without the Pt spin sinks as would be expected once spin transport to the Pt is blocked.
For the superconducting state, we consider first the samples without the Pt spin sinks. The transmission of non-equilibrium spin accumulation generated on the FM side to the non-magnetic layer depends on the matching of the electronic band structures in the two materials on either side of the interface 17, 18 , which can be quantified as follows:
ρ FM is the resistivity (20 µ Ω -cm for T ≤ 10 K, 30 µ Ω -cm at 300 K) of the Ni 80 Fe 20 (ref. 19 ) and l sd FM is the spin-diffusion length (5 nm for T ≤ 10 K, 4 nm at 300 K). Note that ↑↓ g 0 is the actual spin mixing conductance. T is calculated to be 0.34, 0.34, 0.51 and 0.59 at 2, 4, 8 and 300 K, respectively, using equation (2) . We can then see that the spin transparency of the Ni 80 Fe 20 /Nb interface is much lower when the Nb is superconducting, indicating that the reduced spin-injection efficiency that is ascribed to the band structure mismatch is due to the presence of the energy gap 2Δ. For the transport length l qp sp of dynamically driven spin-polarized quasiparticles in the diffusive (t Nb > l mfp , where l mfp is the mean free path of the Nb (6 nm)) and low-T condition (T/T c ≤ 0.3) 16 , one has to take into account the conversion time τ AR of quasiparticles into (spinsinglet) Cooper pairs by Andreev reflection in addition to their spin lifetime τ sf :
where D is the diffusion coefficient of the Nb. Considering that τ AR (for low-energy quasiparticles) is much shorter than τ sf as Andreev reflection is fundamentally the interfacial conversion process, equation (3) can be simplified to τ ≈ l D qp sp AR , which therefore can be comparable to ξ SC (ref. 16 ). In fact, we find that the estimated l qp sp of ~21 nm at 2 K is of the order of the zero-temperature ξ SC of Nb (13 nm) in the dirty limit, given by ξ . l 0 85 mfp 0 , where ξ 0 is the clean-limit coherence length of Nb (38 nm). We note that in a previous experiment of the magnetoresistance of a Ni 80 Fe 20 /Nb/Ni 80 Fe 20 spin valve 16 , the penetration length of spin-polarized quasiparticles through superconducting Nb was measured to be ~16 nm under low-T and d.c. bias conditions. This general behaviour is replicated by the t Nb = 45 and 60 nm Pt/Nb/Ni 80 Fe 20 /Nb/Pt samples (Fig. 2c) in that the transport of spin-polarized quasiparticles is blocked by Andreev reflection. The anomalous Pt/Nb/Ni 80 Fe 20 /Nb/Pt samples (t Nb = 15, 22.5, 30 and 37.5 nm, Fig. 2d ) behave in an exactly opposite way, in that the FMR linewidth and hence spin transport to the Pt is progressively enhanced relative to the normal state with decreasing T.
The enhanced spin cannot be carried by quasiparticle currents even if one assumes an unexpected increase in the low-T spin diffusion length because the available quasiparticle states will progressively freeze out at a lower T, as demonstrated by our own measurements of Nb/Ni 80 Fe 20 /Nb samples as well as the existing theories of quasiparticle-mediated spin transport 5, 6 . It should be noted that the significant enhancement of FMR linewidth predicted for an 
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insulating FM/SC 6 occurs only close to T c and is strongly suppressed for conducting FM materials. The existing theory for FMR in metallic FM/SC systems also shows a significant damping of quasiparticle spin transport even if a spin sink layer is added to the SC 5 . Thus, the monotonic enhancement of spin transport with decreasing T for the intermediate t Nb must involve supercurrents. The mechanisms enabling supercurrent-mediated spin transport through a singlet SC are crossed Andreev reflection, elastic co-tunnelling or an induced triplet pairing state 20 . Crossed Andreev reflection and elastic co-tunnelling via spin-singlet supercurrents require the involvement of (unpaired) electrons within 2Δ in both the FM and the spin sink. To distinguish between these mechanisms, we have replaced the Pt with a range of other spin-sink materials for fixed t Nb = 30 nm (Fig. 3a) . Of the materials used: 5-nm-thick Ta proximity-coupled to Nb should have an induced gap almost equal to that of the Nb (ref. 21 ) and much larger than the spin-splitting of the electrochemical potentials ∆ μ (a few microelectronvolts) induced by spin pumping at the Ni 80 Fe 20 /Nb interface (see Supplementary Section 7 for details) that eliminates the crossed Andreev reflection and elastic co-tunnelling processes; in contrast, Fe 50 Mn 50 strongly suppresses the Nb gap 22 and so makes these processes more possible. The experimental results (Fig. 3b) , which show superconducting spin transport relative to the normal state strongly enhanced by Ta and suppressed by Fe 50 Mn 50 , are therefore incompatible with these processes. The remaining possibility is therefore that the spin is carried via spin-triplet supercurrents.
A variety of mechanisms for generating triplet states have been proposed: static magnetic inhomogeneity at the SC/FM interface [23] [24] [25] , SOC in conjunction with an exchange field 26, 27 and the precession of interface magnetization 28, 29 ; in all cases, long-ranged triplet pairs (generated at the SC interface) should also penetrate into the SC side and decay over the length scale of ξ SC . Since our 
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It is interesting to note that in addition to strong SOC, Pt is close to a ferromagnetic instability that induces a high spin susceptibility 30 ; therefore, in this case, a corrective term including the electron-electron interactions would need to be taken into account in any rigorous theoretical model [26] [27] [28] [29] . Such a term, which is always present in real metallic materials, but is enhanced in Pt, leads to a non-negligible spin-splitting in the Pt layer resulting from the short-range triplet correlations and the spin penetration 2 . Our preliminary calculations suggest that in this scenario, long-range spin-triplet correlations would then be produced across the Nb layer between the precessing Ni 80 Fe 20 and the spin-split Pt, giving rise to an additional spin-polarized supercurrent below T c . This additional spin supercurrent would be expected to increase below T c and decrease with a thicker Nb layer, consistent with our experimental observations. Our experiments on other materials (Fig. 3b) show that the elements with large SOC (Pt, W, Ta) 31 reveal a large enhancement compared with the other materials, implying that SOC, possibly acting in conjunction with a spin-splitting due to Fermi liquid effects, may provide the underlying explanation.
We have shown that FMR spin pumping into singlet SCs terminated by a large (SOC) spin sink more efficiently transfers angular momentum than in the normal state. Although detailed theories need to be developed to explain these results, we have demonstrated that the spin currents cannot be carried by quasiparticles and are most likely carried by spin-triplet pairs. We believe that the results presented in this paper provide evidence for spin-polarized supercurrents in SCs.
Methods
Methods, including statements of data availability and any associated accession codes and references, are available at https://doi. org/10.1038/s41563-018-0058-9. . The error bars denote the standard deviation of multiple measurements.
